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S_RY

A holographic system used for flow visualization at the Langley Expansion

Tube is described. A ruby laser which can be singly or doubly pulsed during the

short run time of less than 300 us is used as the light source. Holographic

recording of the flow field about a model is especially useful for the low-

density flow of the expansion tube. With holography, sensitivity adjustments

can be optimized after a run instead of before a run as with conventional flow-

visualization techniques. This results in an increase in reliability of the

flow visualization available for the study of real-gas effects on flow about

_odels of proposed planetary-entry vehicles. The experimental arrangement and

a number of shadowgraphs, schlierens, and inte[ferograms are presented for

several test gases and for cases for which the expansion tube was run as a

shock tube.

INTRODUCTION

The Langley Expansion Tube is a unique facility providing hypersonic-

hypervelocity flow for typical run times of several hundred microseconds. Low

free-stream densities at the Facility make optical flow visualization marginal

despite relatively high density ratios across the normal shock. As discussed

in reference ], a primary measurement made in the expansion tube is the shock

shape about a model. Whem standard flow-visualization techniques (ref. ]) are

used, it is impossible either to optimize adjustments during the run because

of the short run time, or to assure that prerun settings will prevail during
the run.

If holography is used to optically record the flow field, sensitivity

adjustments in the flow-visualization system can be made after the run while

reconstructing the hologram. Also several different techniques for flow

visualization can be tried using a single hologram to determine which technique

best ,_epicts the flow. Another advantage of holography is its ability to pro-

vide _nterferometry with little extra effort, therefore providing a more versa-

tile system. With interferometry, either density measurements can be made or

a comparison of experimental and theoretical interferograms can be used to

verify mathematical models of the flow field. Because of these advantages over

a conventional flow-visualization system, a holographic system was installed

at the Langley Expansion Tube. The purpose of this report is to describe this

holographic system and to present results obtained with the system during the

various tests in both the expansion-tube and shock-tube modes of operation.

Use of trade names or names of manufacturers in this report does not con-

stitute an official endorsement of such products or manufacturers, either

expressed or implied, by the National Aeronautics and Space Administration.
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SYMBOLS

0 2 ,'¢0_ or 0 2/01

incident shock

state of quiescent test gas in front of incident shock

state of test gas immediately behind incident shock or standing at
the model

free-stream conditions

FACILITY DESCRIPTION

The Langley Expansion Tube is basically a cylindrical tube. divided by two

diaphragms (primary and secondary) into three sections. The upstream section

is the driver, or high-pressure, section. This section is pressurEzed at

ambient temperature with a gas having a high speed of sound. Greater operation

efficiency is realized as driver-gas speed of sound increases. The intermediate

section is sometimes referred to as the driven section. This section is evacu-

ated and filled with the desired test gas at ambient temperature. The driver

and intermediate sections are separated by double diaphragms. The downstream

section is referred to as the acceleration, or expansion, section. A weak, low-

pressure diaphragm (secondary diaphragm) separates the driven and acceleration

sections. Test models are _sitioned at the exit of the acceleration section.

Flow through this section exhausts into a dump tank; hence, models are tested

in an open jet. A detailed description of the [_sic components and auxiliary

equipment of the Langley Expansion Tube is presented in reference 2.

Briefly, the operating sequence for the ex[_nsion tube, which is shown

schematically in figure l, begins with rupture of the high-pressure primary

diaphragm. In the double-diaphragm _)de of o_ration, this is achieved by

pressurizing the driver section and double-diaphragm section with the driver

gas to a pressure somewhat less than the rupture pressure for a single dia-

phragm. The double-diaphragm section is then isolated from the driver section

and high-pressure supply field and the driver section is pressurized to the

desired pressure. The double-diaphragm section is then vented to atmospheric

pressure, resulting in the rupture of the upstream diaphragm. U_3n rupture of

this diaphragm, the downstream diaphragm is subjected to a pressure essentially

that of the driver section. This pressure ruptures the downstream diaphragm,

and an incident shock wave is propagated into the arbitrary test gas. The

shock wave then enc_unters and ruptures the low-pressure se_)ndary diaphragm.



secondary incident shock wave propagates into the low-pressure acceleration

jas, while an upstream expansion wave moves into the test gas. In passing

through this upstream expansion wave, which is being washed downstream since

the shock-heated test gas is supersonic, the test gas undergoes an isentropic

unsteady expansion resulting in an increase in the flow velocity and Mach num-

ber. Thus, the ex[mlns[on tube provides hypersonic-hypecvelocity flow over a

wide range of normal shock density ratios (ref. I). By removing the secondary

diaphragm this facility can be operated as a conventional shock tube (see

fig. l) providing hypervelocity-supersonic flow. A detailed analysis ot_

expansion-tube flow characteristics is presented in reference 3 and in ref-

erence 4 w{th the facility operated as a shock tube.

For the present tests the drive[ section was 2.44 m long and was ]6.51 cm

in diameter. Double-diaphragm mode of operation was employed to reduce random-

ness in pressure ratio across the primary diaphragm at time of rupture. The

volume of the section between the double diaphragms was small compared with that

of the driver section, with the ratio of double-diaphragm-section volume to

driver-section volume being 0.07. Intermediate-section length was 7.49 m and

acceleration-section length was I 4.13 m. The inside diameter of these two sec-

tions was 15.24 cm. The primary diaphragms were stainless steel and the second-

ary diaphragm was Mylar. ]

The driver gas used in the present study was helium_ and ranged in pressure

from 7 to 34 MPa. Test gases included air, helium, nitrogen, argon, neon, and

carbon dioxide. Test-gas quiescent pressures in the intermediate section of

the expansion tube or driven section of the shock tube ranged frc_ 69 to 6900 Pa;

the corresponding range of shock velocities was 1500 to 5500 m/s. The usable

test core for the expansion tube is 7.6 to 8.9 cm in diameter; hence, relatively

small models are tested in the facility, typically 5.0 cm in diameter. Models

are mounted in a fixed position prior to the run, typically no farther from the

exit of the tube than 6.0 cm. Steady flow exists for approximately 300 us in

the expansion tube, with approximately 10 to 80 us required to establish flow

over the model as discussed in reference 5, depending upon the test gas, model

size, and model geometry.

HOLOGRAPHIC SYSTEM

The holographic system (fig. 2) is similar to that of reference 6 and is

discussed briefly in reference 7. The off-axis Z-configuration common to

schlieren-photography systems is used to direct the 40-cm-diameter scene beam

through the test section. A reference beam which passes over the tunnel inter-

sects the scene beam at the hologram plane to form the holographic recording.

A ruby laser, which can be operated in a single- or double-pulse mode with I 0

to 500 Us between pulses, is used to expose the hologram. The path length from

the ruby laser to the hologram plane is 18 m.

The ruby and helium-neon alinement lasers are mounted on a large stationary

table held firmly in place with approximately 500 kg of lead bricks. The holo-

IMylar: Registered trademark of E. I. du Pont de Nemours & Co., Inc.



gram holder is mountedon the oppossite side of the test section on an al_minum
table anchored to a 65-cm-thick reinforced-concrete wall. Overhead reference-
beamoptics on the laser side of the system are suspended from 50-cmby 16-cm
steel ceiling beamswith ]0-cm aluminum angles. Simple, stable mounts fabri-
cated at Langley Research Center and having locking adjustments are used for
fine positioning of the folding mirrors. All aluminum angles used on the holo-

gram side to support the remaining overhead reference beam optics are anchored

to the concrete wall. The stability of this arrangement is evident in that

major realinement of the inte[ferometer has been necessary only once during the

first year of operation. The need for axial movement in the system of ref-

erence 6 required suspension of the entire system from one large overhead beam

which proved less stable than the expansion-tube system.

Tunnel windows used for viewing the flow phenomena are bonded three-layer

(crown glass-HERCULITE-HERCULITE 2) schlieren-grade quality having a slight wedge.

They are 8.2 cm thick with a diameter of 40.0 cmo Localized regions of bire-

fringence due to tempering reduces hologram efficiency at the edge of the win-

dows. Usually the hologram reconstructions are sufficiently bright for viewing

over an area larger than that required for the small regions of interest in the

test section (i.e., 15.2 cm high and 20.3 om long).

The two-plate hologram holder used for recordings is a commercial unit

having a fixed spacing of 0.7 cm between the two plates. The plate position

closest to the test section is used for the flow recording. If only a shadow-

graph or a schlieren photograph is needed, a no-flow hologram (plate position

farthest from the test section) need not be recorded. For hologram reconstruc-

tions two separate plate holders were fabricated. One plate can be rotated

about three orthogonal axes and the other plate can be translated in three

dimensions. With these adjustments the two holograms can be moved with

respect to each other to generate an interferogram of desired fringe spacing

and orientation.

Reconstructions can be made in place using a ]-W argon-ion laser. A mirror

is placed in the reference beam (fig. 3) to direct the argon-laser beam into

the expanding and collimating optics used to record the hologram. Broadband

multilayer-dielectric coated mirrors are used in the reference beam which have

reflectivities of greater than 99 percent for both 694 nm (ruby-laser wavelength)

and 515 nm (argon-laser wavelength). Film backs of 10 cm by 13 cm and 20 cm

by 25 cm are arranged in a folded configuration to permit varying magnifications

and fields of view. The reconstruction laser-bemm path is enclosed for safety

and ease of operation. Reconstructions can be viewed and photographed with the

overhead room lights on. When the daily run frequency precludes using the

in-place reconstruction system, a separate lab containing a 50-_ helium-neon

laser and a I-W argon laser is used (fig. 4). This lab is operated for both

expansion-tube reconstructions and for recordings made with the system of

reference 6.

For comparison, the in-place film backs are also used during some runs to

simultaneously record both laser schlieren photographs and holograms. Knife-

2HERCULITE: Registered trademark of PPG Industries, Inc.



edge cutoff and focus are set using the helium-neon alinement laser prior to

the run. A narrow-band-pass filter (694 nm) is used in front of high-speed

infrared film to prevent radiation emitted during the flow from fogging the film.

For certain test gases, severe emissive radiation has been observed at the model

when using white-light schlieren photography. The effect of this radiation was

reduced with a high-speed capping shutter. For some test conditions this emis-

sire radiation is sufficiently intense to fog even the relatively insensitive

holographic plate.

The laser is triggered during each run by a thin-film resistance gage

mounted flush with the tube wall. The gage is located 4 m upstream of the tube

exit, and thus time is allowed for energy pumping by the laser flash lamp. A

digital delay unit is triggered initially by the thin-film gage and in turr_

triggers the laser and monitoring oscilloscopes (fig. 5). The laser pulse or

pulses are detected with a photodiode located at the edge of the scene beam.

The photodiode time history is compared with a pressure-transducer time history

located close to the model (2.5 cm upstream of the tube exit) to determine the

time of laser firings relative to shock arrival at the model. An oscilloscope

record illustrating the time-history comparison is presented in figure 6.

RESULTS

The technique used most often at the facility has been two-plate holog-

raphy. In two-plate holography, separate flow and no-flow holograms are made.

By varying the relative position of the two plates during reconstruction the

reference-fringe spacing and orientation of the interferograms can be altered.

Schlieren photographs and shadowgraphs can be reconstructed from the flow holo-

gram alone.

Simultaneous laser-schlieren and holographic-schlieren _ecordings for one

run of the expansion tube with air as the test gas are shown in figure 7. Fig-

ure 7(a) was exposed on high-speed infrared film by the ruby-laser beam after

it was slightly attenuated by its passage through the holographic plate. The

vertical knife-edge cutoff adjustment was made prior to the run by using the

helium-neon alinement laser. Figure 7(b) is the reconstructed schlieren from

the holographic plate for which post-run vertical knife-edge cutoff was adjusted

to closely duplicate the cutoff used for the laser-schlieren recording. The

model is a section of the Space Shuttle Orbiter nose.

Examples of shadowgraphs, schlieren, and interferograms of blunt bodies

in the expansion tube with CO 2 as the test gas are shown in figures 8 and 9.

For figure 8 the model is a flat-faced cylinder. For figure 9 the model is a

spherically blunted 80 ° half-angle cone with a ratio of nose radius to base

radius of 0.5. Holographically reconstructed focused shadowgraphs are shown

in figures 8(a) and 9(a). Introduction of vertical knife-edge cutoff produced

the schlieren recording of figure 8(b). By using the no-flow holographic plate

exposed before each run in addition to the flow plate made during the two runs

the infinite-fringe interferograms of figures 8(c) and 9(b) were made. Adjust-

ments of the two plates relative to each other produced the finite-fringe inter-

ferograms of figures 8(d), 9(c), and 9(d).



Figures 10 to 14 were recorded during runs when the expansion tube was

operated as a shock tube to illustrate the capability of the holographic flow-

visualization system. The facility is not normally run as a shock tube for

model testing because of the poor flow quality (typical of low-Mach number free-

jet test sections), but by increasing the free-stream density, flow fields hav-

ing large fringe shifts can be represented. An interferometer is sensitive to

the difference in density Ap, which for the case of a normal shock in the

expansion tube can be expressed as

or for a normal shock in the shock tube as

_p = (e - l)Ol

where e is the density ratio across the shock, D_ is the free-stream

density, and 01 is the quiescent test-gas density in front of the incident

shock. For shock-tube runs in this study the free-stream density is approxi-

mately 75 to 125 times greater than for expansion-tube runs. The density

ratios across normal shocks in the shock tube were two to three times smaller

than for an expansion-tube run, making the density difference across a normal

shock much greater for a shock-tube run.

Figure I0 was recorded 100 Bs after the shock had exited the tube (tube

is on the far left side of photograph) and shows shock-wave propagation (argon

test gas) across the test section. Figure 10(a) was reconstructed from the

flow plate using vertical knife-edge cutoff, and figure I 0(b) is a two-plate

interferogram. Figure 11 shows the primary shock after it had passed over a

20 ° half-angle wedge and before it had left the field of view. Figure 11 (a)

is a focused shadowgraph made from the flow plate and figure 11 (b) is a two-

plate interferogram.

Figure 12 shows the primary shock as it exits the tube. This is an example

of an interferogram produced by double-pulse holography (both pulses made on

the same photographic plate). The first pulse (no flow) fired 150 _s before

the second pulse (flow), which occurred I0 us after the shock exited the tube.

The absence of residual fringes demonstrates the "perfect" infinite-fringe capa-

bility of the technique. An example of the deviation from a normal shock to

a shock with a large curvature is shown by comparing figure ]2 with figure 10.

The shock radius of curvature in figure 12 is extremely large (essentially normal

shock) whereas the radius of curvature for the shock in figure I0 is small

(approximately 26 am) after ] 20 Bs of propagation across the test section.

Figure I 3(a) shows the primary shock after it has passed over a spherically

blunted 80 ° half-angle cone with a ratio of nose radius to base radius of 0.5.

The initial laser pulse occurred 30 us before the flow was in the field of view

and the second pulse occurred 150 us after the first pulse, during the flow.

Figure 13(b) is an example of double-pulse holography with both laser pulses



occurring during the flow and was obtained at the same flow conditions as fig-

ure ] 3(a). The initial pulse occurred ] 50 _s after the flow had exited the

tube, with flow on the model for ]20 us. The second pulse occurred 150 Us after

the initial pulse, when flow had been on the model for 270 us. With this rapid

double-pulse technique, flow-instability phenomena about blunt bodies can be

examined for the time interval established by the pulse separation (150 us in

this case). Figure ]3(a) reveals the strong bow shock expected from high-

density flow in a shock tube, and in figure ] 3(b) two strong bow shocks are

shown. The shock standoff distance measured in figure ]3(a) is identical to

the standoff distance measured in figure ] 3(b) for the bow shock closest to the

model. The change in flow conditions represented in figure ]3(b) by the pres-

ence of two bow shocks is believed to be due to the arrival of helium driver

gas at the model. Figures ]4(a) and ]4(b) are enlarged photographs of the flow

over the lower half of the model from figures ]3(a) and ]3(b). The enlargements

in figure ]4 represent 50x magnifications of the images stored on the holo-

graphic plates and demonstrate the potential for detailed analysis of the flow.

CONCLUDING REMARKS

A holographic system used for flow visualization at the Langley Expansion

Tube has been described. This dedicated system has demonstrated greater versa-

tility than the previously used white-light schlieren system by providing laser-

schlieren, holographically reconstructed schlieren and shadowgraph, and inter-

ferometry. Opuimization of sensitivity adjustments provided by the ability to

perform these adjustments after the run resulted in a more reliable system than

previously used. Holographic techniques such as slngle-plate schlieren and

shadowgraph, two-plate interferometry, double-pulse interferometry for "perfect"

infinite-fringe interferograms, and double-pulse interferometry used to examine

changes in the flow over a short time period have been described and examples

presented.

Langley Research Center

National Aeronaut,:g and Space Administration

Hampton, VA 23665

April 30, 1981
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50 _S _--_

L-8] -] 29

Figure 6.- Wall pressure gage no. 32 and laser photodiode trace

typical of expansion-tube-rdn data. Laser pulse fired 250 _s

after flow on model.
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(a) Lasec schlieren.

Sho¢ k

(b) Rolographic schlieren.

L-8_-130
Figure 7.- Comparisons of simultaneous recordings of laser schlieren

and holographically reconstructed schlieren of the Space Shuttle

Orbiter nose ti_ in a test gas of air. U_ = 5.3 km/s; M = 7.6;
_ = 0.006 kg/m_; _ = 0.062 kg/m 3.
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(a) Shadowgraph. (b) Schlier en.

t_

(c) Infinite-fringe interf_rogram. (d) Finite-fringe interferogram.

L-81-131

Figure 8.- Holographic reconstructions f_om a run in Langley Expansion Tube

with flat-faced cylinder model in a test gas of CO 2. U_ m 5.02 km/s;

M_ = 9.8; _ = 0.0053 kg/m3; _D = 0.0950 kg/m 3.

)6



Shock

(a) Shadowgr aph. (b) Infinite-fringe interferogfam.

(c) Vertical reference-fringe (d) Horizontal reference-fringe

interferogram, interferogram.
L-8]-]32

Figure 9.- Holographic reconstructions of a spherically blunted, 80°

half-angle-cone model fram a run in Langley Expansion Tube with

test gas of CO 2, U_ = 5.03 km/s; M_ = 9.8; _ = 0.0053 kg/m3;

_ = 0.0950 kg/m 3.
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(a) Schlieren.

(b) Inter ferogr m.

n-81 -I 33

Figure 10.- Two-plate holography with Langley Expansion Tube

operated as a shock tube illustrating incident shock wave

following exit from the tube. The test gas used was argon.

Us, 1 = 2.54 m/s; Ms, 1 = 7.9; A_ = 0.21 kg/m 3.

18
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/ Incident Shock
/

F ] or,'

L-81 -I 35

Figure 12.- Double-pulse holographic interferogram of shock exiting

tube before it has impacted blunted 80° half-angle-cone model.

T_he test gas used was CO 2. Us, ] = 2.47 kin/s; Ms, ] = 9.0;

AD = 0.72 kgl/m3.

2O



(a) First pulse before flow and second pulse during flow.

(b) Both pulses during flow.

L-81-I 36

Figure I 3.- Double-pulse inteferograms of two shock-tube runs made

under same conditions of a spherically blunted 80 ° half-angle-

cone model. The test gas used was CO 2. Us,l = 2.47 km/s;

Ms, I ffi9.0_ _0 = 4.0 kg/m 3.
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